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LOGICAL OPERATION ELEMENT EMPLOYING A FIELD EMISSION TYPE 
MICROFABRICATED ELECTRON EMITTER AND LOGICAL OPERATION 

CIRCUIT 

TECHNICAL FIELD 

[0001] The present invention relates to a logical 

operation element employing a cold cathode element that emits 
an electron beam, and logical operation circuit using the 
logical operation element. 

BACKGROUND ART 

[0002] Conventionally, MOSFET integrated circuits using 

Si substrates are employed for logical operation. Since 
these are solid-state devices, they are easy to handle and 
GHz operating frequencies have been achieved by the 
development of miniaturization techniques. Also, logical 
operation elements such as NOT, NOR and NAND gates and 
logical operation circuits by coupling these have been 
conceived and designed by use of MOS devices mainly. 
[0003] To operate at higher frequencies than MOSFETs 

using Si substrates, chemical compound semiconductors such as 
GaAs are employed, and for specific applications, high- 
frequency amplification, vacuum valves are employed. Use of 
vacuum valves utilizes the fact that the mobility of carrier 
electrons is greater in vacuum than in the solid state. 
[0004] Vacuum valves mostly utilize thermionic emission 

but Spindt type field emission type cold cathodes, in which a 
high current density can be obtained with low current 
consumption, may also be employed. High-frequency operation 
of such Spindt type field emission type cold cathodes is 
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disclosed for example in: Journal of Vacuum Science and 
Technology B, 14 (1996) 1986. An example of use of such 
field emission type cold cathodes in integrated circuits is 
also disclosed in for example Japanese Patent Publication No. 
H. 11-329263. 

[0005] However, there are restrictions on electron/hole 

mobility in solid-state devices made of for example Si that 
are currently widely employed in logical operation. Although 
progress has been made in achieving higher speeds by 
development of miniaturization techniques such as lithography, 
there are still limits on operating frequency. 
[0006] On the other hand, there are problems regarding 

the degree of integration of vacuum valves capable of high- 
frequency operation. Also, since a Spindt type 
microfabricated cold cathode having a large number of 
elements in a small area has the property of large current 
density, applications have concentrated on for example 
microwave tubes or displays rather than logical operation. 
[0007] Also, the operating voltage of these was high. 

This therefore led to the problems of large power consumption 
and withstanding voltage when reverse bias was applied. In 
addition, they could not be battery-driven and so could not 
be made portable. 

[0008] When the field emission type cold cathode 

described in the aforementioned Japanese Patent Publication 
No. HI 1-32 92 6 3 is employed in an integrated circuit, the 
element is of a planar form, so considerable area is required 
for the element layout. Japanese Patent Publication No. Hll- 
329263 doesn't refer to a specific method of achieving 
integration when electron emission elements are connected for 
multi-stage operation. 
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[0009] The present invention was made in order to 

overcome these problems of the prior art^ an object thereof 
being to provide a logical operation element and logical 
operation circuit capable of a high degree of integration and 
of high speed. 

[0010] Specifically, success in solving the 

aforementioned problems was achieved by providing the 
following constitution. 

[0011] (1) A NOR element of a design having the 

cathodes of two or more field emission type microf abricated 
electron emitters connected in parallel with a low potential 
power source or ground, two or more anodes corresponding to 
said emitters connected in parallel to a high potential power 
source through a passive element or an active element, the 
two or more anodes being substantially at the same potential, 
and gate electrodes corresponding to said emitters to be 
input two or more signal voltages, wherein the potential of 
said anodes is lowered by electron emission from the emitters 
when a high potential input signal is input to either of the 
two signals. 

[0012] (2) The NOR element according to (1) wherein the 

anodes respectively corresponding to said two or more field 
emission type microf abricated electron emitters are 
constructed in a single plane. 

[0013] (3) The NOR element according to (1) or (2), 

being operated at a voltage of no more than 10 V. 
[0014] (4) A NAND element wherein an anode of a first 

field emission type microf abricated electron emitter and a 
cathode of a second field emission type microf abricated 
electron emitter are connected in series and two signal 
voltages are applied to gate electrodes corresponding to the 
first emitter and the second emitter so that the anode 
potential of the second emitter is lowered when the two input 
signals are high potential. 
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[0015] (5) The NAND element according to (4) wherein a 

cathode of the first field emission type microf abricated 
electron emitter and the cathode of the second field emission 
type microf abricated electron emitter are in the same plane, 
and the anode of the first emitter and the cathode of the 
second emitter are connected in series by a pillar-shaped 
electrode formed perpendicularly between the first emitter 
and the second emitter. 

[0016] (6) The NAND element according to (4) wherein 

the anode of the first field emission type microf abricated 
electron emitter and the cathode of the second field emission 
type microfabricated electron emitter are connected in series 
in an integrated fashion. 

[0017] (7) The NAND element according to any of (4) to 

(6) wherein there is no overlapping area when the anode of 
said first field emission type microfabricated electron 
emitter and the gate electrode of said NAND element are 
projected on an element plane. 

[0018] (8) The NAND element according to any of (4) to 

(7) , being operated at a voltage of no more than 10 V. 
[0019] (9) A logical operation circuit including the 
NOR element of any of (1) to (3) and/or the NAND element of 
any of (4) to (8) as a logical operation element. 

[0020] (10) The logical operation element according to 

(9), including a NOT element as a logical operation element 
wherein an anode potential of an output is changed by a 
potential that is input to the gate, by connecting the 
cathode of the field emission type microfabricated electron 
emitter with the low potential power source or ground, and 
connecting the anode thereof with the high potential power 
source through the passive element or active element. 
[0021] (11) The logical operation circuit according to 

(9) or (10), comprising the NOT element and the NOR element, 
cathodes of their emitters being connected at the same 
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potential to perform logical operation. 

[0022] (12) The logical operation circuit according to 

any of (9) to (11) wherein a logical operation is connected 
by connecting an output anode of each element with a gate of 
another element either through a passive element or directly. 
[0023] (13) The logical operation circuit according to 

any of (9) to (12) wherein two adjacent field emission type 
microfabricated electron emitters have a design in which the 
anode of one emitter and the gate of the other emitter are in 
the same plane, a design in which the anode of one emitter 
and the cathode of the other emitter are in the same plane, 
or a design combining said two designs. 

[0024] (14) The logical operation circuit according to 

any of (9) to (13) wherein the cathodes, gates and anodes are 
in the same substrate plane and electrons are emitted in a 
direction parallel with the substrate surface. 
[0025] (15) The logical operation circuit according to 

any of (9) to (14) wherein a non-doped semiconductor 
substrate is employed as the substrate of said elements, and 
the emitters are electrically isolated by providing a 
conductive doped region solely at a projection of the 
emitters or at a periphery thereof. 

[0026] (16) The logical operation circuit according to 

any of (9) to (15) wherein an insulating layer of said 
elements comprises a material having a relative permittivity 
smaller than 4. 

[0027] (17) The logical operation circuit according to 

any of (9) to (16) wherein the cathodes of said elements are 
diamond or a conductive material covered with a thin film of 
diamond . 

[0028] (18) The logical operation circuit according to 

any of (9) to (16) wherein the cathodes of said elements are 
carbon nanotubes or a conductive material covered with carbon 
nanotubes . 
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[0029] (19) The logical operation circuit, according to 

any of (9) to (16) wherein the cathodes of said elements are 
BN, AlN or GaN or a conductive material covered with a thin 
film of these. 

[0030] (20) The logical operation circuit according to 

any of (9) to (19) wherein said elements are operated at a 
voltage of no more than 10 V. 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0031] Figure 1 is a view showing a design of a NOT 

element employing a field emission type microf abricated 
electron emitter and the circuit thereof; 
[0032] Figure 2 is a view showing an example of the 

layout of a NOR element according to the present invention 
and the circuit thereof; 

[0033] Figure 3 is a view showing an example of the 

layout of a NAND element according to the present invention 
and the circuit thereof; 

[0034] Figure 4 is a view showing the current 

characteristic of field electron emission of an emitter 
employing an element according to the present invention; 
[0035] Figure 5 is a view showing an example of the 

layout of a NOR element according to the present invention; 
[0036] Figure 6 is a view showing an example of the 

layout of a NAND element according to the present invention; 
[0037] Figure 7 is a view showing an example in which a 

NAND element according to the present invention is 
constituted from a plurality of emitters and the circuit 
thereof ; 

[0038] Figure 8 is a view showing an example in which, 

in a NAND element according to the present invention, it is 
arranged that there is no overlap of area between the anode 
and gate; 
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[0039] Figure 9 is a view showing an example in which/ 

in a NAND element: according to the present invention, the 
anode and cathode are integrated; 

[0040] Figure 10 is a view showing a logical operation 

circuit that perfoims OR operation according to the present 
invention ; 

[0041] Figure 11 is a view showing a logical operation 

circuit that performs AND operation according to the present 
invention; 

[0042] Figure 12 is a view showing an example of a 

logical operation circuit according to the present invention, 
having a design in which electrodes of different elements are 
arranged in the same plane; and 

[0043] Figure 13 is a view showing an example of a 

logical operation circuit according to present invention in 
which the cathode, gate and anode are in the same substrate 
plane and electrons are arranged to be emitted in a direction 
parallel with the substrate surface, 

EXPIANATIQN OF THE REFERENCE SYMBOLS 

[0044] A input gate 

B input gate 
Z output anode 
Z ' terminal 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0045] Examples of the present invention are described 

below. 

A NOT element, NOR element and NAND element which are 
logical operation elements constituting logical operation 
circuits according to present invention employ Spindt field 
emission type cold cathodes. 
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[0046] First of all, the design of a field emission type 

microfabricated electron emitter which is a basic logical 
element constituting a logical operation circuit according to 
the present invention will be described with reference to 
Figure 1 . 

[0047] As shown in Figure 1, a field emission type 

microfabricated electron emitter is formed by forming a 
cathode, insulating layer, gate and anode on a substrate. As 
the material of the cathode, apart from for example high 
melting point metals such as Mo or W, or Si there may be 
employed carbon nanotubes or diamond, which has negative 
electron affinity, or nitride semiconductors such as BN, AlN 
or GaN. Also, a conductive material such as Mo or Si may be 
employed whose surface has been coated with carbon nanotubes, 
diamond, or nitride semiconductor such as BN, AlN or GaN. 
There is no particular restriction on the method of 
conferring conductivity on the semiconductors, and for 
example n type carriers created by p type impurities, n type 
impurities or defects may be employed. As the material of 
the insulating layer, for example Si02, silicon nitride, 
silicon oxynitride, AI2O3, Or CaF2 may be employed. For the 
gate and anode, high melting point metal such as Mo, Nb or Ta 
or high melting point metal silicide such as WSi2 may be 
employed . 

[0048] As the cathode, in particular diamond is 

preferable. Since diamond has negative electron affinity, it 
can be used to manufacture logical circuits that operate at 
low voltage and with low power consumption. Also, 
contrariwise, a large emission electron current can exhibit, 
and, in this case, the relaxation time of the NAND element 
can be reduced, as will be described. Since no insulating 
oxide layer is formed on the surface of diamond or carbon 
nanotubes, these can be operated as electron emitting 
elements even under comparatively low vacuum of about 10"^ 
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Torr . 

[0049] Wiring is provided as described below in order to 

constitute a NOT element using this field emission type 
microf abricated electron emitter. The anode is connected to 
a high potential power source through a passive element or 
active element. According to the present invention^ the 
passive element may be a resistance or capacitor; for example 
polysilicon or tantalum nitride may be employed to provide 
the resistance, but there is no restriction to these 
materials. Also, as the active element, a transistor or a 
field emission type microf abricated electron emitter having 
different operating characteristics may be provided. The 
cathode is connected to a low potential power source or to 
ground. If the substrate is conductive, the cathode may be 
connected through the substrate. Also, the substrate may be 
insulating and connection with the cathode made by providing 
an electrode. Figure 1 shows an example of the former. 
There may be a single or a plurality of cathodes. 
[0050] The operation of a NOT element designed as 

described above will now be described. Electron emission is 
caused from the cathode when a voltage signal is input to the 
gate electrode, making the gate of high potential, and the 
anode potential is lowered. Contrariwise, if electron 
emission does not take place from the cathode when the gate 
is at low potential, the anode becomes high potential. Thus 
the negative of the input value is output as the anode 
potential. 

[0051] Next, a NOR element according to the present 

invention will be described with reference to Figure 2 . 

A NOR element is obtained by substituting the emitter 
portion of the aforementioned NOT element by two or more 
emitters whose anodes and cathodes are connected in parallel. 
In this case, electron emission occurs from the cathode when 
one or both of the input gates is high potential, causing the 
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output anode to become low potential. Since electron 
emission does not occur from the cathode when both the input 
gates are low potential^ the output anode becomes high 
potential i.e. it functions as a NOR element. 
[0052] Next^ a NAND element according to the present 

invention is described with reference to Figure 3 to Figure 9. 

As shown in Figure 3^ a NAND element is obtained by 
substituting the emitter portion of the aforementioned NOT 
element by two or more emitters whose anode and cathode are 
connected in series. In this case, electrical insulation 
must be provided between the cathodes of the two emitters. 
Also, the anode and cathode are connected in series using a 
pillar- shaped electrode formed perpendicularly between the 
first emitter and the second emitter. A connecting electrode 
of this shape makes it possible to further speed up operation 
by reducing the electrostatic capacitance compared with a 
planar electrode of large surface area. 

[0053] Using a insulating substrate of for example Si02 

or AI2O3, a cathode made of metal such as Mo or W or Si or 
carbon nanotubes is formed on the substrate. A cathode could 
also be formed by providing a thin film of carbon nanotubes, 
diamond, BN, AIN or GaN, for example, on the surface of a 
conductive material such as Mo, W or Si. Also, as shown in 
Figure 6, electrical conductivity could be conferred by using 
as the substrate a semiconductor having a large resistance 
when undoped, such as for example diamond and doping 
exclusively the region of the cathode. 

[0054] The operation of this NAND element is that, when 

both input gates are high potential, electron emission occurs 
from all of the cathodes, causing the output anode to become 
low potential. When one or both of the input gates is low 
potential, electron emission does not occur from the cathode, 
and the output anode becomes high potential; thus the element 
functions as a NAND element. 
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[0055] As described above^ basic logical circuits i.e. a 

NOT element:, a NOR element and a NAND element can be formed. 
Either single emitters or a plurality of emitters may be used 
to constitute these elements. Figure 7 shows an example of a 
NAND element constituted of a plurality of emitters. 
[0056] Also, as a result of repeated studies, the 

present inventors have discovered that the delay occurring in 
the operation of a NAND element depends on its input voltage. 
For example as shown in Figure 3, when the input gate A is at 
high potential and the input gate B is at low potential, 
ideally no electron emission should take place, but, in fact, 
electron emission occurs from the cathode belonging to A and 
a relaxation time is necessary until a steady state has been 
reached in which the cathode has been raised in potential by 
being charged up. In order to lower the relaxation time it 
is therefore necessary to lower the electrostatic capacitance. 
The present inventors discovered that in particular the 
electrostatic capacitance between the anode and the gate 
connected with the cathode may be reduced in order to speed 
up operation by shortening the relaxation time. 
[0057] In general, the electrostatic capacitance C of 

parallel flat plates is expressed by C = es/d, where a is 
the permittivity, S is the area and d is the inter-electrode 
distance, d is difficult to change due to the structure of 
the element. Also, although a prior art example has been 
found [IEEE Trans. Elec. Dev., 38 (1991) 2368] of lowering of 
the electrostatic capacitance by reducing the overlapping 
area S of the cathode and gate, it cannot be achieved that 
the electrostatic capacitance is made sufficiently small. 
The electrostatic capacitance can be reduced by adopting a 
construction in which there is no overlapping area when the 
gate and anode are projected onto the substrate surface as 
shown in Figure 8 and the amount of charge can thereby be 
reduced. The plane of Figure 8 shows a plane in which there 
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is no overlapping area. 

[0058] Also, materials such as Si02 or AI2O3 were 

employed for the insulating layer in a conventional Spindt 
cold cathode, but their relative permittivity was 4 or more. 
However, if a material of relative permittivity of less than 
4, such as SiOF or SiOCH, porous dielectric or organic 
polymer is used for the insulating layer, the electrostatic 
capacitance can be made smaller than conventionally, making 
it possible to speed up the operation of a NAND element. Also, 
in order to lower the permittivity to the limit, a vacuum may 
be provided between the electrodes instead of an insulating 
layer . 

[0059] Furthermore, if a design is adopted in which, as 

shown in Figure 9, the anode of a first emitter and the 
cathode of a second emitter are integrated, operation of the 
NAND element can be speeded up, since the electrostatic 
capacitance that would be produced by the extra wiring is not 
generated . 

[0060] Although operation of a AND element can be 

speeded up by adopting a method as described above, delay is 
inevitably generated in the operation of a NAND element. A 
logical operation circuit may therefore be constituted using 
solely a NOT element and NOR element instead of using a NAND 
element. If this is done, addition to the function of 
speeding up operation, it is possible to make all of the 
cathodes of the same potential, as seen in Figure 1 and 2. 
Consequently, whereas, in the case of a conventional 
electron emission element, it was necessary to employ 
insulating material on the substrate to hold the cathodes, 
according to the present invention, conductive material such 
as metal may be employed. 

[0061] Also, if a semiconductor material such as diamond 

is employed for the cathode material, the cathode and the 
entire underlying substrate can be simultaneously put in a 
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conductive condition by doping. Conventionally, Substrates 
that were made conductive in this way were employed in large- 
current applications such as electron beam devices where all 
the cathodes have the same function. However, the design 
according to the present invention has the characteristic 
feature that was not found conventionally that, while the 
substrate has conductivity, the individual cathodes function 
independently . 

[0062] In order to combine the logical operations, as 

shown in Figure 10 and Figure 11, a construction in which the 
electrode positions are arranged in order to match the 
electrode positions is formed between the emitters. 
[0063] However, with this design, the positional 

relationship with the emitters had to be crafted such as to 
secure insulation of the electrodes, or the electrodes had to 
be adjacent, with the result that electrostatic capacitance 
was produced, causing delays in operation. Accordingly, the 
electrodes are manufactured such that, as shown in Figure 
12(a), the anode and gate are arranged in the same plane to 
make connection or, as shown in (b), the anode and cathode 
are arranged in the same. If this is done, electrostatic 
capacitance as referred to above is not generated and, in 
addition, electrode wiring to match up the positions is 
unnecessary, so the surface density of the cathodes can be 
increased. Consequently, a circuit of higher surface density 
than conventionally can be manufactured. 
[0064] For such arrangements, the electrons can be 

emitted perpendicularly to the plane of the substrate when a 
large number of cathodes are arranged on the plane as in the 
case of Spindt type cathodes, or, as shown in Figure 13, the 
electrons can be emitted parallel with the substrate plane. 
With this, the electrodes such as the gate and anode can be 
simultaneously formed so that the steps involved in 
manufacturing complicated logical operation circuits can be 
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simplified. In addition/ in this constitution ^ vacuum could 
be employed for insulation, thereby decreasing the 
permittivity and enabling the operating delay to be reduced. 
Also, if a material of high thermal conductivity such as 
diamond is employed for the substrate, this functions as a 
heat sink for the heat generated by the drive power during 
operation, acting as a remedy for the heat generation by the 
logical operation circuit. 

EXAMPLES 

[0065] Implementation of the present invention is 

described below based on the Examples. However, the scope of 
the present invention is not intended to be restricted by 
these Examples. 

Example 1 

[0066] In this Example, NOT, NOR and NAND elements were 

manufactured of the basic cross-sectional structure and 
electrical circuitry shown in Figure 1 to Figure 3 . The 
cathodes of the NOT and NOR were grounded and the cathode of 
the second emitter of the NAND was connected through a 
pillar-shaped Mo electrode with the anode of the first 
emitter. The diameter of the pillar-shaped Mo electrode was 
0.5 //m. One electron emitter was a Spindt cold cathode, the 
substrate was Si02, the cathode was an Mo protrusion, the 
insulating layer was Si02, and the gate and anode were Mo. 
The emitter height was 2 jULva, its diameter 0.5 /Zm, the gate 
aperture diameter 0.8 >am, the gate height 0.8 jULm and the 
distance between gate and anode was 0.5 //m. In this 
construction, the gate capacitance Cg was 2.2 pF, and the 
mutual conductance was 35 ms. The separation between the 

emitters was 5 >am, and the emitter density was 4 x 10^ 
emitters/cm^. Elements were manufactured in which emitters 
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of the basic construction of Figure 1 to Figure 3 were 
integrated. The elements were capable of operating at a 
frequency of 10 GHz. 

Example 2 

[0067] In this Example, as the substrate, a diamond 

substrate comprising an lb single-crystal synthesized under 
high pressure, having a (111) plane at the surface was 
employed. On this diamond substrate, there was formed a 
phosphorus -doped diamond film of thickness 1 //m, under the 
conditions: hydrogen 200 seem, methane 1 seem, phosphine 
flow rate PH3/CH4= 0.1%, pressure 100 Torr, sample 
temperature 870 °C, using the method of microwave plasma CVD. 
[0068] Next, a film of Al was deposited by the 

sputtering method and a dot pattern of 1 jULm(f> was 
manufactured by a photolithographic process. This was etched 
to 1.5 jULva at a pressure of 50 mTorr, using the conditions: 
oxygen 50 seem, CF4 gas 0.5 seem, by RIB. Projections of 
height 1 jULxxv were formed, with an electrically conductive P 
doped region extending from the tip of the projection for 0.5 

//m, thereby achieving electrical isolation of the emitters. 
[0069] Figure 4 shows the current voltage characteristic 

of field electron emission of the emitters shown in Figure 1 
manufactured in this way. The load resistance was 10 mQ . It 
was found that an OFF condition was produced in which there 
is no electron emission with gate voltage of no more than 2 V 
(Vg = 2 V) and that an ON condition in which electrons were 
emitted was produced with gate voltage of lOV (Vg= lOV). 
[0070] Next, NOR and NAND elements as shown in Figure 5 

and 6 were manufactured. In the case of a NOR element. Mo 
electrodes were arranged above and below the emitter; in the 
case of a NAND element, pillar-shaped Mo electrodes were 
arranged perpendicularly between the first emitter and the 
second emitter, the anode electrode of the first emitter 
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being connected with the doped region of the cathode of the 
second emitter by means of this pillar-shaped Mo electrode. 
The operating voltages of these respective elements are shown 
in Table 1 and 2. As can be seen from Table 1, in the case 
of the NOR element, a low- voltage condition of the output 
voltage of no more than 2 V was produced by making one or 
both gate voltages 10 V; if both the gate voltages were put 
in low-voltage condition, the output voltage was put in a 
high-voltage condition of 10 V. Also, from Table 2, in the 
case of the NAND element, the output voltage when both gate 
voltages were in high-voltage condition of 10 V was put in a 
low voltage condition. Thus, it was found that if the 
emitter material is diamond, low voltage operation of no more 
than 10 V can be achieved. 



Table 1 Voltage of terminals of NOR element 



Terminal 


A 


B 


z 


Operating 


10 


10 


1.6 


voltage (V) 


10 


0 


2 




0 


10 


2 




0 


0 


10 



Table 2 Voltage of terminals of NAND element 



Terminal 


A 


B 


Z' 


z 


Operating 


0 


0 


0 


10 


Voltage (V) 


10 


10 


0.9 


1.8 




0 


10 


0 


10 




10 


0 


9 


10 



Example 3 

[0071] As described above, in the case of a NAND element, 

a relaxation time is required, depending on the input values. 
Accordingly, the electrode pattern of the NAND element of 
Example 1 was changed to that shown in Figure 8 in order to 
reduce the electrostatic capacitance and decrease the 
relaxation time, in this pattern, it was arranged that there 
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should be no overlapping area when the anode and the gate of 
the first emitter were projected onto the element plane. In 
this way^ the electrostatic capacitance was lowered to 1.1 pF 
and a reduction in the relaxation time was achieved^ compared 
with the prior art design in which there is overlapping. 

Example 4 

[0072] A cathode / anode and gate were formed using Mo on 

an Si02 substrate in the same way as in the case of Example 1. 
And, NOT elements, NOR elements and NAND elements were 
manufactured using SiOF as the insulating material between 
the electrodes. The relative permittivity of this SiOF was 
3.6, so the electrostatic capacitance was reduced to 2.0 pF 
using the same element construction as in the case of Example 
1. 

Example 5 

[0073] An increase in operating speed can be achieved by 

the Examples 3 and 4, but electrostatic capacitance is 
generated between the electrodes and the nearby gate due to 
the passage of current from the first emitter to the second 
emitter. Accordingly, in order to shorten the wiring to the 
limit that can be achieved, the anode and emitter were 
integrated as shown in Figure 9 by modifying the NAND element 
of Example 3. In this way, the electrostatic capacitance 
between the gate and anode of the first 

emitter, the electrostatic capacitance between the cathode 
and gate of the second emitter and the electrostatic 
capacitance generated at the peripheral electrode and the 
pillar-shaped electrode connecting the upper and lower 
electrodes are simultaneously reduced, making it possible to 
achieve a reduced relaxation time. 

Example 6 
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[0074] As the substrate, a diamond substrate was 

employed comprising an lb single-crystal synthesized under 
high pressure, having a (100) plane at the surface. On this 
diamond substrate, there was formed a boron-doped diamond 
film of film thickness 10 X/m, under the conditions: hydrogen 
100 Seem, methane 6 seem, diborane gas flow rate B2E6/CH4 = 
167 ppm, pressure 40 Torr, sample temperature 830 **C, using 
the method of microwave plasma CVD. 

[0075] Next, a film of Al was deposited by the 

sputtering method and a dot pattern of 1 //m0 was 
manufactured by a photolithographic process. This was etched 
to 1.5 jULm, using oxygen and CF4 gas; projections of height 1 
jULm were formed. The entirety of the cathodes was earthed by 
attaching an electrode to the side face of the diamond 
substrate. A logical operation circuit was then formed 
comprising a NOT element and a NOR element, by forming gates, 
anodes and an insulating layer using Mo and Si02. 
[0076] The number of processing steps can be omitted, 

since the element construction is simpler than in the case of 
the element manufactured in Example 2 . 

[0077] Likewise, a logical operation circuit comprising 

a NOT element and a HAND element was constructed by the same 
steps as in the case of Example 2, by forming a boron-doped 
diamond layer of film thickness 1 //m. Comparing the 
operation tine of the logical operation circuit which was 
thus obtained and that of a logical operation circuit which 
was manufactured as previously, it was found that the total 
relaxation time was shorter in the case where only a NOT 
element and NOR element were employed. 

Example 7 

[0078] The output anode of a first element was arranged 

to be connected in the same plane with the gate or cathode of 
the next element by modifying the NOR element and NAND 
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element of Example 1 and altering the height of the emitter 
as shown in Figure 12 . In this way it was possible to 
increase the number of elements per unit area since there was 
no need to provide an insulating layer margin in the 
transverse direction in order to guarantee maintenance of 
insulation. 

[0079] An operation circuit was manufactured comprising 

100 NOT elements, by providing an insulating layer of 1 jULm 
between the elements and electrodes. Whereas in the case of 
an operation circuit manufactured with the prior art 
construction, an area of 2500 >am^ would have been necessary, 
with the new construction, a reduction in area to 900 /im^ 
was achieved. 

Example 8 

[0080] An Si02 insulating layer and Mo metal electrodes 

were formed on a substrate and emitters, gates and anodes 
were then formed to the same height from the substrate 
surface as shown in Figure 13 by a photolithographic process 
and etching. NOT elements, NOR elements and NAND elements 
were then formed as shown in the bottom portion of the Figure 
as an electrode pattern. 

[0081] Whereas in the case of Example 1 a minimum of 

four deposition processes for the insulating layer, gate, 
insulating layer and anode were necessary, a logical 
operation circuit can be formed with two deposition steps 
with the construction of this Example, namely, for the 
insulating layer and the electrodes. 

[0082] Furthermore, since there is still sufficient 

strength in the transverse direction notwithstanding the 
vacuum between the electrodes, the electrostatic capacitance 
between the electrodes is reduced, making it possible to 
achieve high-speed operation. 
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Example 9 

[0083] A logical element: of -the construction of Example 

1 was manufactured. Fe was then evaporated onto the cathode 
projections as a catalyst and carbon nanotubes were formed on 
the projections under the conditions: hydrogen 100 seem, CH4 

20 seem, pressure 2 Torr, substrate temperature 600 **C, using 
the microwave plasma CVD method. The logical operation 
circuit that was obtained operates at lower voltage than a 
logical operation circuit in which Mo cathodes having the 
same circuit layout are employed, making it possible to 
reduce the power required for operation. 

Example 10 

[0084] A thin BN film of 20 nm thickness was formed on 

the Si surface of an n type Si substrate that had been formed 
with projections of the same shape as in Example 1, using 
BCI3 and N2 gas, by the plasma-assisted CVD method. After 
this, a logical operation circuit was manufactured by forming 
an insulating layer and gate and anode electrodes. The 
logical operation circuit that was obtained operates at lower 
voltage than a logical operation circuit in which Si cathodes 
that were not coated with the thin BN film but having the 
same circuit layout are employed, making it possible to 
reduce the power required for operation. 

INDUSTRIAL APPLICABILITY 

[0085] As described in detail above, a logical operation 

circuit according to the present invention employs basic 
logical elements of high density wherein field emission type 
cold cathodes are employed to achieve high electron mobility, 
so the relaxation time that is produced when the individual 
elements perform logical operations can be reduced and power 
consumption diminished and high-speed operation achieved; 
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also, the manufacturing process is straightforward and 
convenient and involves few steps, so manufacturing costs can 
be reduced. Thus, effects can be obtained that cannot be 
realized simply by a combination of a vacuum tube and cold 
cathode . 



